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CALCULATION OF SAVANNAH RIVER K REA~OR

MARK-22 ASSEMBLY LOCJWECS POWER LIMITS

b’

S. R. Fischer, R. F. Farman, and S. A, Birdsell

Engineering and Safety Analysis Group
Nuclear Technology and Engineering Division

Los Alamos National Laboratory

ABSTRA~

This paper summarizes the results of TRAC-PFI/MOD3 calculations of Mark-22
fuel assembly loss-of-coolant accident/en~ergency cooling system (LOCA/ECS)
power limits for the Savannah River Site (SRS) K Reactor, This effort was part of a
larger effort undertaken by the Los Alamc)s National Laboratory for the US Depart-
ment of Energy to perform confirmatory power limits calculations for the SRS K
Reactor.

A method using a detailed three-dimensional (3D) TltAc model of the Mark-
22 fuel assembly was developed to compute LOCA / ECS puwer limits. Assembly
power was limited to ensure that no point on thu fuel assembly walls would excucxl
thu local saturation temperature’,

The detailed T]{ AC’ rnod~~l for the Mark-22 assumbly consisted of threw ctmcm~-
tric 31.) VCSSU1compmwnts which simulated the two targets, two fuel tubus, and
thrw m,lin flow clmnnels of tlu’ fuel assumbl y, TIw mod~’1 im-ludmt 1[)()%cKX-cn-
lricitv t)etw~’c’n th~’ assembly annuli ,md ,12(1%power tilt, l{ccenlricity in llw r.didl
idigl;mcmt of thu t.ws~m~blyannuli aris~is bLwausL! axial sp.luir ribs tt~i~t run the’ lcmgIh
of th~’ fuc’] and targ(’ts ~rl” usual, l’uw~’r tilt arise’s fr(ml dssunl})li~ms rl’gnrding
control and safely rod positions.

Widl-shci~r, intcrfacial-shc’nr, rmd wall huat-trmwfw cmrulations wcru dLBVLll-
opd and irnpltmwntud in ‘l’i{AC”-l’l; 1 / M(NJ3 spt’cificnlly for IIll)dl’hllg flow and hl’,~l
trmst’cr in thli niwow ribbed .mnuli uncmm!urwl in tlw M.wh-22 fu~Il assumbly du-
sign. W() ~’stablish(d tht’ val’.iity t~f th~’s~’m’w constitutivl’ nmd~’ls using Sl!pilrJtc’-
(’ffl’t.ts llcl~t”l~n}i~rks. IY1’limimry tisMtINbly blmchnwk (+i~l~uliitiol~s n~i~d~ for tlu’

SKI. S1ll{ll ITI{ ,~nd IJARigcxpcrin~l’n[s indicate! lhdl ‘1’I{A(’ with dppropriatl’ rntdl’ling
can prl’~lict .wsc’mbly power Iimils accur,ltulyl

‘l”l{AL” sysh’m C,llcu]ntimls 0! K ]{(’,ldor illdi~.~tl’d th,lt lIILBIinliting ]{c’$ph,ls(’
il(’(’id~’111is 11Lio~llllL’-LIllLlLlLiguillulill(’ brl~~~kin iI pr(xc’ss watl’r Iim’ nl th(’ pump dis -
ch~rgt’ (ih(’l,il 1’1)1AX-A). Thl’ lu(’I ilssl~n~l~lywith thi~ minilnun~ cooling p~)k’nti~l is
id~’ntitil’d frtml this sysh’m Cill(”\lliltioll, I)L’ldiltd ilSSL’lllblv calrulnti(ms thlm wlvl’
}}(’rt’(wll~(’dilsillg ,i~l}m)}lri,llll lx)ull~i,iry ~’~)ndiliolu+ol)l,]in~wl Iron] [his Iilllilillg
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system LOCA. Coolant flow rates and pressure boundary conditions were obtained
from this system calculation and applied to the detailed assembly model.

The detailed TRAC assembly model incorporated best-estima!e geometric and
assembly power information as well as limiting or bounding assumptions. I%wer
limits calculated using this TRAC methodology are influenced by a variety of items,
including ccmstitutive models, numerical methods, modeling assumptions, model
input, boundary conditions, geometric input, power-related input parameters, etc.
To account for modeling uncertainties, a comprehensive uncertainty analysis
including detailed sensitivity studies was performe~i to establish a conservative
assembly power limit.
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validated with the Savannah River experiments of Steimke,6 Whatley,7 Steimke,8
Whatley,9 and Johnston.10 Code benchmark calculations also were performed using
the Babcock and Wilcox (B&W) Annular Flow Distribution (AFD) experiments. ] 1
Code calculations were in good agreement with pressure gradient and void fraction
data. Trends in air entrainment vs liquid flow were modeled well, but some dis-
crepancies were observed in the magnitude of the code-calculated air entraixtment.
This result was not entirely unexpected because there were discrepancies in air
entrainment rates between the data sets. The SRL Rig B heat-transfer experiments
performed by Guerrerol z were analyzed, and a heat-transfer correlation suitable fcr
air/water, nonboiling, forced-convection downflow in narrow ribbed annuli was
developed and implemented in TRAC. Preliminary assembly benchmark calcula-
tions have been made with TRAC for the SRL SPRIHTE1 ~ and FA R@ experiments,
Initial results indicate that TRAC with appropriate modeling can predict the TWJll =
Tsal power limits obtained in these experimental facilities accurately.

An uncertainty analysis was performed to conserv:.tively bound the nominal
power limit calculation to account for code modeling and geometric uncertainties,
Where possible, the uncertainty factors have been estimated from TRAC sensitivity
calculations.

Section 11discusses the Los Alam(x TRAC-based power limits methodology.
Section 111summarizes the detailed TRAC assembly rnodcl. Section IV reviews th~’
results of the r.ominal power limit calculation. Sections V and VI discuss the
results of the sensitivity and uncertainty analyses, respectively, Section VII sun~mt~-
rizus thi’ results (~t’th(’ Mark-22 power limit calculation

11. POWER LIMITS METHODOLOGY



Power = assembly power,
= assembly liquid mass flow,

c;= liquid specific heat capacity,
TM1 = assembly outlet saturation temperature, and

Tinlct = assembly inlet liquid temperature.

Boundary conditions for the detailed assembly were obtained from the most
limiting assembly in the most limiting LOCA. TRAC system calculations performed
by Motley and Morgan4 indicated that the pump-discharge LOCA (,)DLOCA) was
most limiting for the ECS phase. To identify the limiting time and assembly in the
TRAC PDLOCA system calculation, plots of Power/mCp(Twt - Tlnlct) vs time (i.e.,
the ratio of instantaneous power to the cooling potential of the process water vs
time) were generated for each of the 18 lumped assemblies used irk the TRAC system
model, The assembly exhibiting the maximum power- to-flow ratio was considered
to be most limiting. Figure 1 shows such a plot fol the most limiting assembly in
the “1’RACPDLOCA calculation, The time when the peak occurs establishes the
boundary conditions for the TRAC assembly mode], i.e,, decay power,. assembly pres-
sure drop, and total assembly liquid tlom’. Appropriate variables wwru extracted from
thl’ TRAC syst~~m c..lculation at this critical point and were us~Id as mmn~larv condi-
tions for the TI{AC cktaihd assemb]y n~odul. }:ur our limits c,llculations, thk’
worst-case conditions were assumed to continue’ indcfinit~’ly; ilc., wc assume thcw’
conditions were “quasi-steady, ” That is, the dutailud ,~sscmbly nwdc’1 WJS rur( wiih
thes~’ boundary conditions while the pourer was incrcascd with a TRAC controller
until a steady state was reached such tlmt ttw wall Mmpertlturc” ~qu.ded tlw Ioccd sat-
uration temperature on orw location on tiw Iuc’1or targut annuli.

The validity of the} “quwi-skady”’ assumptilm gvas invc’sligtlt~d [lv running
the detailed assembly model ~vith transient boundary conditions obt,~in&i from thcI
svst~’111CillCLl]JtiC)ll, ]:t~r till’ limiting I’I)I.(JCA, th~’ trtlnsi~’nt ,Ind tllltlsl-stL1ilL!v

a~lpro,lc]lcs yiu]dtld ]Iudrly idl~nticd] pt)wur limil rc~sults, “1’hisWItWm)t surprising
bLIC,ILISiI dl Ii)(]+ s inlo thu 1.(KA, th~’‘lsscmlbly liquid cmlditi~)lls ,lr~’ch,lnging t)II]y
sli~htlv ,Ind c~v~r llw p~’riod of inlwcst cm bt’ ,l}l}lr~)xi]ll,ll~’~ibV (]u,wi-sl~’adv VJILIL’S.

‘Ii)r tht~ limits c,~lculntions discussed in this papl’r , LI“ll~~min,l]” “l”l<Ai’ IIUJLILII

wcls dlnx~ltyx’d th,lt illcorporlllcd bi’st l’stinlill~’ gc~mlf~tric dnd ASStIIIIblV ~xlwk’r
illt’ornl,lti(~n ,1s WCII1.1s limiting oi b~mllding ,lssumpli~)ns, TINISII,Issilnl}ltil)ns ,wu
sumnl,lriz,l’d b~Ilow,



3. The limiting assembly identified from the system calculation provided the
inlet and outlet pressures for the assembly model,

4. The SRL estimate of maximum assembly inlet temperature of 35.5”C,
which was determined to bound RELAP5 system calculations,l’1 also was
used in the TRAC assembly calculation. This was a conservative bound of
the inlet liquid temperature of 33.6°C at the limiting point as determined
from the TRAC system calculation,

5. The saturation temperature was reduced by 5°C to account for possible hot
spots resulting from localized voiding in subchannels consistent with
assumptions made by SRL for their FLOWTRAN analyses.~~]~~16 This con-
servatism apparently r?sulted from azimuthal temperature variations
observed in the Rig FB experiments performed by Johnston .10

6, Inner and outer purge channels were not modeled, and thus, the outer
wall of the outer t~rgc’t and inner wall of th~’ inner targut target were
assunwd to tw adiakmtic, This assumption is conservative beciiuse, at most,
approximately 57( of thc~total asscm~bly itt. . is expuct~’d to flow in the
purge channels at the system calculation conditions, 11 Thus, in reality,
thcw’ would be sonw cooling 01 the inm’r .md outer target ulcments that
our mudul dots not take into account,



9. The ribs on the inner target are assumed to be oriented the same as the ribs
between the outer target and outer fuel. Sensitivityy studies have not been
performed to assess the importance of this assumption. An azimuthal-rib
flow-void donor model similar to that developed for FLOWTRAN was
not used in the TRAC model.

111.MODEL DEVELOPMENT

A cross section of the detailed TRAC assembly model is shown in Fig, 2. The
model consisted of three separate annular flow channels that simulated the annuli
between the inner target and inner fuel annulus, between the inner and outer fuel,
and between the outer fuel and outer target.

Each of the three annular flow channels was modeled using a TRAC VESSEL
component .Wshown in Fig. 3. Water was injected at the upper boundary of the
annulus into each quadrant through FILL components. The actual liquid flcm’ rates
were calculated from the B&W AFD Test data correlations, The pressure drop across
the assembly and total assembly flow rate that were used as input k) {he B&W corrc’-
lation were obtained from the ~[{Ac system calculation. The temperature of the
injected liquid was set to 35.5°C rather than using the value of 33.6°Cfrom the TRAC’
system calculation. The B&W correlation yielded a total flow for each annulus,
which was allocated among the quadrants according to flow areas. The water injec-
tion was equal in each quadrant for the conccmtric rod case. For thv eccen[ric rod or
nominal case, the flow into each quadrant was assumed to bu dir~’ctly prop~wtionnl
to the quadrant flt~w area. This assumption regarding subchannctl or quadrant fhm~
splits had only a minor effect on power limits because azimuthal flow Imtwmm th~’
quadrants WJS allowwi and azimuthal redistribution o! liquid W.Mc.dculatml to taku
plmx axially down thu assembly.

AI thu top of the annulus, pressure boundari~’s w~m’ modcllId with LIIWAK
Yornponents. ThcIs~’components alknvlid air to hi L)nlr’linlid LILIWII th~’ annull,is ~1
rate’s consistent with thv TKAC- cunstitutivl’ pack~~~’s. 1.i~luid WilS not illlt)!%’ld to fltlw

into or WI u! these boundary cc’lls.
lIIUIAK components (connlIctcd 10 tlw’ bottom of tlw JIII\UlLIS) wtm’ us~xl 10

establish pr~)ssurc buundtlry Condiliwls Consislunt wilh thli ‘1’I{A(’ syshm ciil~-uldthm
Air ~nd w.~t~’rw~w ‘~llowud tu flmv into m~d out cd LIN’SL’buumit~ry u’lls, 1’11’1{c(ml-
pol~t’nts, whi~’11~=~~nncclcdlhc l}Rl~AK ,Inci Fl 1.I.,components lt) lh~’ VI;SSI; I, ctm~piJ-
ncml, were’ oriented horizonLllly and wurc short to n~inin~izl’ prussur~’ drops. Thus,
the’ prussurus sc’t in tl~~’BRI!AK cxm~pmunls ~’s!tlblishl’d tlu’ pr~’ssur~’ boundt~rv c(Nl-
~iiliolls (or thu annu]usl

I:igurl’ 4 shows thc~nodillg (If n typiml VliSS1i14mmp(m(mi, ThcY(*mm’ 2
rdidl, 4 w,imuthdl (4-thl’tcl), ,md 16 axilll notl~’s, (Mly thl’ ollt(’r rtuli,ll ring had fknvl
‘T!M’.]~ii~l IItdLBS wc’rl’ (),257 III lol~g l~)t(sl’})lfur lllc~ll~)ttoll~ i~l~d 10}> LIIIIS, which w(’r(’

[,,232 illld 0. I OH Ill, rwiplxlivuly,
]:igurl’ 2 illSl) indic.ltvs Ilt)w’ 1111’lly~lr~)li!’11.ltlli~~x~lldititms in tht’ Vl{SSl~l,

~’(m~pl~n~’ntswl’rt’ uouplt’d h) lu~ch (~th[’r throl@~ 1ll{A’1”S1”l{ll(’”lsl)(<1(cx~ll~}xm~’l~ts,
which rl)pr(%l~lltld th~’ ILILII mu{ targ~hl Uhmlt)nls LJIttl(i Mtlrh-22 tiss(m~b]v. “]’h(m’
wl’r~~32 I ll{A’1’SI’I<lK’TIJIU[ l’ump(mlwts, omh ~w(vv- 45” Ior l’d(”ll 01 tll{’ Ill(’l ,11111 i,lr-

()



get elements. Each individual heat structure was composed of 7 radial and 15 axial
nodes consistent with the adjacent hydrau!ic cell noding. The 900 numbers in the
figure represent these components. A HEAT STRUCTURE was required for every
45° because of the orientation of the ribs. For example, it can be seen that quadrant 1
of the inner and outer annuli overlaps quadrant 1 of the middle annulus over a 45°
interval, and the remaining 45° of quadrant 1 of the inner and outer annuli over-
laps quadrant 4 of the middle annulus,

The azimuthal power tilt and the rod eccentricity were app!ied in the same
direction (i.e., toward the top of Fig. 2), The rib between quadrants 1 and 4 of the
middle annulus was assumed to completely seal off azimuthal flow between the
quadrants. However, in the inner and outer annuli, the rib between quadrants
1 and 2 and the rib between quadrants 1 and 4 were allowed to h~ve nominal
azimuthal flow. Because liquid was injected directly into each quadrant at a flow
rate given by the B&W correlation, it was conservative to allow azimutha! flow out
of these hotter quadrants,

Temperature-dependent values of density, heat capacity, and thermal conduc-
tivity for the target and fuel elements were used in the analysis, Deposited power,
power fraction, and axial and radial power shapes were obtained from previous
TRAC calculations of Mark-22 assembly power limits performed by Rodrigllez.15 The’
outer wall of thu outer target and inner wall of the inner target were assumed to bc
acii~balic. This assumption w~s cons(irvative because the B&W correlation shows
that at most approximately 5% of the total assembly liquid flow is through the inner
and outur purges at the boundary conditions used.

Liquid injection through tiw FILL. components was ramped up to final values
in 10 s. Power w’ns acijustud using a TI{AC 1’ID (proportional, integral, diffmmtial)
controller to achic~vc steady-stiitc conditions such that th~’ surface temperature
equaled thu saturation tempwaturl’ of the liquid (It some point on th~’ wall.

IV.NOMINAL MARK-22 ECS POWER LIMIT
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The effect of maximum tim~step size on the nominal case was investigated by
reducing the maximum time-step size successively from 0.10 to 0.05 to 0.02 s.
Results showed that convergence is improved by time-step reduction within the
range investigated, but the calculated power limit is not affected h’ reductions below
0.05 s. Further reduction of the maximum time-step size will not .iifect the power
limit result.

The geometric representation of the assembly model contains features that
provide a basis for examination of the thermal and hydraulic characteristics as com-
puted by TRAC. Eccentricity in the flow channels and power tilt in the fuel creates a
potential for azimuthal flow between channel sectors. Further, there is a line of
symmetry in each annulus such that the flow distribution in half the channel
should match the other (symmetric) half.

Calculational results at steady-state conditions when the power limit (TWaIl=
T=t - 5) is reached show the thermal-hydraulic state of the assembly predicted by the
TRAC model. The annulus axial liquid flow distribution as a function of elevation
indicates that the axial liquid flow rates vary axially consistent with the azimuthal
flow redistribution. Because of the annular nature of the flow computed for tlw
middle channel, there is little azimuthal liquid flow except near the channel bottom
where the liquid pools. There is liquid flow away from the hot or limiting sector
near the bottom of the outer channel.

Symmetry between flow sectors is exhibited in all channels, Void fraction
profiles suggest th~t the inner channel is in bubbly to churn-transition flow,
whereas most of middle channel is in annular flow, In the mid Ilu channel, liquid
pools over the last 0.5 m near thu bottom of the channel, The out:~r channel app~’ars
to IXIin transition bctwccn churn find annular flow,

The calculated void profiles for all three channels are consistent with tht’ cal-
culated pressure distributions,

Air untrainnwnt is calcul~twi (by TRAC’) consistent with tlw conslitutivc’
models to match the PDLOCA boundary con’.litions. The middle channe!, consis-
tent with single annuli separate-effects tests for annular flow?, shows essentially no
air cnlr~innwnt. The inner and outei channcki show an increase in vapor flow
down tht’ assembly consistent with lwating c[lw-ts.

V. SENSITIVITY STUDIES

A numbur of wmsitivity calculatmns were pwfurnwd to assist model dcvcl-
opmcmt cfforls, to butter understand the] TRAC assembly calculntiuns, and to provide
input into our uncurttlinty i.malySCIShThis section summariz~v+ some of those calcu-
lations, Tlw rc’suits of the sensitivity studies ciiscussud in this suction arc’ incluckd
in Ti~bl~ 1.

/?



TABLE I

SUMMARY OF SRL AND LOS ALAMCS SENSITIW13’ RESULTS

Sensitivity Variable I %Reduction in Power (SRL)
I

% Reduction in Power (Los Alamos)

1 1

Inlet Liquid Flow 26.4 26.4 (SRL)
Tube Power Fraction 2.2 2.2 (SRL)
Heat-Transier Coefficient 3] 16.4
Wall Friction o 0 (SRL)
Channel Inlet Void 14.2 N/A
Channel Inlet FIGW Split N/A 3.5
Rib Cross Flow Model 16.8 16.8 (SRL)
BEF Fon_n LOSS @ N/A
Interracial Drag o 0 (SRL)
Tube Thickn=s 5.9 5.9 (SRL)
.4xial Heated Length 2.4 2.4 (SRL)
Assembly Pressure Drop Bounded (-0.5 psig) 14.8
Pov:er Tilt Bounded (20Yo) Bounded (2070)
Eccentricity Bounded (1OO7C) Bounded (1OO’%O)
Wall Peaking/Local Voiding Bounded (TMt–5 K) Bounded (T~t-5 K)
Inlet Flow Oscillations o 0 (SRL)
hjal Power Shape Bounded (1.55 axial peaking) Bounded (1.55 axial peaking)
Decay Heat Curve Bounded (ANS) Bounded (ANS)
Inlet Liquid Temperature Bounded (Tln]et vs time) Bounded (Tln]Ct= 35.5°C)
Rod Bow Bounded (2.0 in.) Not currently modeled



level over its range of applicability. Thus, a 2CJvariation in flow distribution is
interpreted as a 570 redistribution of flow between the channels or annuli for a
g:ven value of total assembly inlet flow. An assembly flow of 15 gal. /mm was
selected for the nominal flow condition for this study. This flow was the lowest
value used with the l-theta model and was determined to be the most sensitive to
flow variations.

By trying different ways to redistribute the flow among the assembly channels
or annuli, it was found that removing flow from the channel adjacent to the surface
with the maximum fuel temperature and transferring it into the channel not adja-
cent to that fuel element produced the largest effect on the computed power limit.
Performing this operation on the 15-gal. /rein assembly flow case yielded a 3.5%

reduction in power limit for a 570 (20) variation in flow distribution. This is the
basis for the Channel Flow Split sensitivity value presented in Table I.

B. Assembly Pressure Drop
Variation in assembly pressure drop produces change ii~ tl~e inlet channel

flow distribution as expressed in the B&W flow split correlation because the flow’
splits are cm-related with pressure drop as well as flow rate. This split affects the
power limit considerably less than do variations in the total flow because of the two-
sicied cooling of the fuel elements. Thus, redistribution of flow from one flow
channel to the adjacent channel does not change the fuel temperature significantly.
This effect was evaluated by performing several calculations with the 1-theta assen~-
bly model at constant inlet flow and different values of pressure drop. The maxi-

mum 2a sensitivity of power limit to variations in pressure drop at a fixed inlet liq-
uid iluw rate was found to be 14.8% at 15 gal. /rein, For these calculations, the 1-
theta model was used to compute power limits with assembly flows and pressure
drops ranging from 15 to 70 gal. /n~in and -4.17 to 1.35 psid, cor” : int with the B&W
parametric test data. For these sensitivity runs, the F3&Wtest d?. -.rovided the
boundary condihons for the TRAC calculation.

C. Heat-Transfer CoefficieI~t
The validity of wall-temperature predictions made for power limit analysis

depends to a large extent on the accuracy of the wall heat-transfer coefficient. Thus,
it is important to use a correlation tl~at correctly reflects the geometry and the behav-
ior of the fluid in the flow path under consideration,

The hydraulic conditions of the Mark-22 fuel element, i.e., co-current down
flow of an air-watm mixture in a narrow ribbed annulus, arc sufficiently unusual
and unique that correlations developed ior other applications may not be appropri-
ate. Accordint;ly, SRL and Idaho National Laboratory (INEL) have performed proto-
typical experiments intcm+ed to provide applicable heat-transfer information rela-
tive to Mark-22 assembly power limits,12~17

Experimental results from the Rig FA~ and Rig Bl~ experiments arc available
from SRL. Tlwsc two tmi rigs were quite similar but each used a tiifiwent approach
toward constructiim of the heater tubes, Rig FA had an aluminum tube coated with
flamt~-sprayed insulating material surrounded with an electrically conducting Iayc’r



to provide heat generation. In Rig B, the entire stainless-steel tube wall generated
ohmic heating. In 1 ath cases, the heat-transfer surface temperature had to be
inferred by performing a conduction calculation using a temperature measurement
on the opposite (outside) surface (i.e., an inverse conduction problem).

Heat-transfer coefficients obtained from Rig B would be expected to be more
reliable because of a large uncertainty in the uniformity of thickness and material
porosity of the flame spray layers on the Rig FA test section. Furthermore SRL used
the Rig B data as th~ basis for the correlation used in FLOWTRAN. 16 Thus, only the
Rig E data were used in the development of a heat-transfer correlation suitable for
the Mark-22 assembly.

The INEL experimentsip are also highly prototypical of the Mark-22 assembly
geometr’ They differ from the SRL experiments in that the test section hydraulic
diamete. IS larger and the im-.er wall is the heat-transfer surface. The combination
of these rigs (Rig B and IN EL) pl ovided a basis for including the effect of hydraulic
diameter in the heat-transfer correlation.

Validation of the test facility and experimental method was provided by a
series of single-phase tests performed with the IN1EL test facility. Among these data
are a series of 40 single-phase runs made over a substantial range of boundary condi-
tions. The single-phase heat-transfer behavior exhibited by this test section arc
shown in Fig. 6. These data are in excellent agreement with the Dittus-Boelter corrc-
lation,lg thus supporting the validity of the results of these experiments.

The experimental data from both Rig B and INEL were organized so that they
could be subjected to regression computations to determine the influence of the test
variables. The u~ual way to correlate turbulent (high-flow-rate) hint-transfer data is
to use the Nusselt equation,

and fit the coefficients to the da[a with a regression analysis. When two-phase flo~v
is involved, attempts often are made [u incorporate the two-phase fluid state into
the dimensionless variables. This is the approach SRL followed in developing their
correlation for MC in FLOWTRAN. The Reynolds numbw was computed using thc
liquid-phase velucity. The utility of the Nusselt equation in single-phase flow is [hc
generality provided by the similitude relationships in applying the correla[iun to
other geometries and other fluids. I-iuwever, in two-phase fluvv, the applicability of
these dimensionless parameters is uncertain, and currclatiuns of this kind arc n(~t
guaranwed, In fact, the correlation obtained by SRL is not a very gtxxi fit of tlw data
shown in Fig. 7. The upper and lower 95% confidence limils aru 56% and 36%,
respectively, with an rz of 0.47, (%w of the difficulties in this prow)durc is tlw ~ccu-
racy of the csiirnate of void fraction over the entire rangu of th~’ data conditions.

As the experiincnts were exactly protutypic,ll of the Mark-22 fuel assembly,
devcluping a correlation using dimensionless gruups is unnwwstwy unless doing so
captures an important effect exhibikd by tiw CLIM, The avilildbh’ Rig 13dnta wrru
cxmninw.i frum this vi~iwpoint to dutcrn~in~’ if ,1b~’ti~’rcorrc’latii]n could bl’ ubtain~’d
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using dimensionless groups. To do this, we processed the data using the Number
Cruncher Statistical System (NCSS)18 on a personal computer.

Using methods available in NCSS, the heat-transfer coefficient was tested for
sensitivity to the test boundary conditions, including water and airflow rate, void
fraction, and fluid temperature. The only sensitivities detected were to liquid flow
and fluid temperature. After some experimentation, we determined that a suitable
correlation could be obtained by fitting the heat-transfer coefficient to the superficial
Reyno!ds number. The resulting correlation,

h(Dh/ Dreo = 2.637Re0-~ , (3

captures the influences of both flow and fluid temperature. Attempts to incorporate
the Prandtl number and the complete expression for the Nusselt number only
degraded the quality of the regression fit. Because nondimensionality is not neces-
sarily required for the way that these data are beir,g used, we concluded that Eq. (2)
represents the best available expression for the heat-transfer coefficient.

At low flow rates (4 gal. /rein and below), the ECS flow within the assembly is
calculated to be in the annular flow regime. The heat-transfer coefficient for an
annular falling film can be estimated by computing the heat conductance of the
film, i.e., k/x. The film thickness can be determined by integrating the velocity pro-
file for P falling film as, for example, usually is presented in the development of
film c densation, Kreithl~ givm this solution as

r = fAJ X%up) ,

which, can bv solved for x to provich~ a heat-transf~~r ccwffici~mt as indicated abovu,
This relationship was applied 10 the S1{1.Rig 11geometry in the low-flow region and
comparui wilh lv+wrimcnlal lwat-lransfw cocffiricnls nwasurcd in tlw same’ flow
range.

At thl’ low L!nd of the flow range, t]w theory mur~w+ VITY WCIIwith thu cxpur-
imtmt, At Ilw higlic’r end, tlw c’xpurinwnlal valuus rist’ into values of tlw high-flow
regime(s). This behavior is untirely reasonable. It is cxpcctcd that tlw annular flow
regime should merge in a smooth manner with the’ churn-bubbly rcgirm’s ~t highl~r
liquid flow- Thm is probably a transition through slug flow occurring in this pro-
cess, Thu impori nt result lwru is the cxccllrnt agrwnvnt with tlw simple annular
flow model al the lowest flow rdlcsm

Tlw correlations and the expcrimunl,ll LLILIaru prwwntuu! in l:ig. K As indi-
catul, tlw correlations provich’ a rumwmbll’ rcprl’sunlation of thl’ Iwal-tmnsfur pur-
formimce of thv wqwrimunts, and, by infwwux’, III(’ Marlo22 asswnldy.

Wu ~’vnluJIIId lh~’ sensitivity t)f the’ Mi~rk-22 iuwmbly powu- limit to v,wi,w
tion of tlILShval-trimsfur cuufficiunt by pwforming swwitivit y calculations with tlw I-

12



inlet flow over the same range as the base-case calculations (i.e,, 15-70 gal. /rein).
The average difference in TRAC-calculated power limits between the nominal and
lower bound heat-transfer coefficient curves was 16.49”0. This value reflects the per
cent reduction in power resulting from heat-transfer sensitivity and is presented in
Table I.

D. Total Assembly Flow
The effect of total assembly liquid flow on TRAC-calculated TWall= T~at power

limits was investigated using the detailed 4-theta model. Power limits were calcu-
lated over an assembly liquid flow range of 5 to 50 gal. /min. The assembly pressure
drop was fixed at the limiting PDLOCA point, whereas channel flow splits were
recomputed based on the total assembly flow. Figure 9 compares the results of TRAC-

computed nominal and conservative estimate power limits with FLOWTRAN con-
servative estimate limits.

The uncertainty in the TRAC-computed assembly flow ai limiting PDLOCA
conditions was estimated to be 7.5 gal. /min.~ Reducing the assembly liquid flow by
tliis amount in the detailed assembly model resulted in a 26,470 decrease in power as
showl~ in Table 1.

W. UNCERTAINTY ANALYSIS

Power limits calculated using the TRAC-based methodology discussed in Sec. 11
arc influenced by a variety of items, such as constitutive models, numerical meth-
ods, mode!ing assumptions, model input, boundary conditions, geometric input,
power-related input parameters, etc.

With the exceptions aid limitations noted in Sec. 11, most model input
parameters nre either nominal or best-estimate values, Similarly, influential code
constitulive models (i.e., wall and intcrfacial shear and wall heat transfer) reflect
best-estimate correlations developed from appropriate data bases, 1Iowmu-, unccr-
tainti~’s in these correlations and mmiul inpui parameters have to he fac[orud intil
tile power limit uncertainty analyses,

For our uncertainty analysis, individual parameter uncertainties arc con~-
birwd statistically using a simple linear propagation (star-pattern) or root mean
square technique similar to that used by SRL with FLOWTRAN,3 Use of this approach
implies that the rfindorn variables are independmt and the responsu surfacu is lin-
ear.

lj~Icaus~Iof tinw limitations, wc were unnblu to perform exhmsiw wnsitivity
analysus using our detailcci assembly nmd~4, As discussed i]) Sm.-.V, W(Ipwforml’d
sensitivity anitlyscs on the more influential paranwtms sucil as assembly channc’1
flow sLllit, assembly pressure drop, heat-transfer coefficient, and total assvrnbly liquid
flow. Thww studies were pcrformwl usin[; ~’ithcr tlw 1-theta or 4-thuta modrl, Thl’
influ~mcc’ of l’i~~hparameter changu over a rtmge of conditions considcwd typical l}f
a lXX’A (i.c)., pr~~ssurc drop anti assmnb]y flow) was invc’sti~nt~d. {Ivur this rang~~~~f

condiiilms i~20 l’ffc’ct on thcl con~put~~d power limit was dl~tcrminl’d,
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Table 1 summarizes the resuli. of our parameter uncertainties and compares
the TRAC uncertainties with those wed by SRL with FLOWTRAN.

For those influential parameters where we had performed sensitivity studies,

we used those results to obtain a 20 effect for each linear parameter variation. The
parameters treated in this manner included assembly pressure drop, heat-transfer
coefficient, channel flow split, and total inlet liquid flow.

For the other parameters such as tube power fraction or tube thickness, which

were considered to be less influential, we adopted the SRL-generated 2cJ values (see
Table 1).20 These uncertainty values were based on FLOWTRAN with a different set of
L~A conditions; thus, their applicability to a TRAC-based limit may be questionab]c.
However, because of time limitations, we chose to use the SRL uncertainties and
add additional uncertainty into our modeling bias factor.

We developed the modeling bias factor to account for uncertainties in the
uncertainty analysis process and other modeling limitations This bias was set at
67% based on engineering judgment and is assumed 10 be a conservative rnultip) icr

on the nominal power less the 2cJ uncertainty, The bids accounts for uncertainties

rcsulling Irom



for the same liquid flow. Similar to SRL, this difference was applied as a penalty on
the TRAC-computed assembly flow.

When these additional penalties or biases are imposed on the TRAC-calculated
nominal assembly flow, the resulting conservative assembly flow is 20.45 gal, /min.
The maximum assembly operating power (conservative estimate) then is computed
as

Passcmhly = Pnominal ● (l-2ct) * b/dr ,

where

Passcmtdy = conservative estimate of maximum assembly operating
power,

I’ll~,ml]l~l = nominal ECS power limit from TRAC assembly
calculation,

2a = square root of sum of 20 ~nccrtainties = 0.39,
b = modeling bias = 0,67, ilnd

dr = decay heat r,ltiu at limiting tinw in 1’DL(ICA transient = 0,(J2w.

V1l.SUMMARY
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